Objectives: Long non-coding RNAs (LncRNAs) play important roles in epigenetic regulatory function during the development processes. In this study, we found that through alternative splicing, LncRNA C130071C03Riken variants and are both expressed highly in brain, and increase gradually during neural differentiation. However, the function of Rik-201 and Rik-203 is unknown.
| INTRODUC TI ON
Neural differentiation is an important developmental event during gastrulation of the embryonic development. 1 The abnormal neural differentiation results in severe neural tube defects, 2 which may further induce the risk of post-natal lethality or lifelong disability. 3 However, there are still many regulatory mechanisms should be investigated.
Embryonic stem cells (ESCs) have the capacity to generate many differentiated types of cells in the body and are excellent sources for regenerative medicine and development research. Neural stem cells (NSCs) differentiated from the ESCs could be used for treatment of Alzheimer's and Parkinson's disease. 4, 5 Previous study indicated that Sirt1 regulated neural differentiation of mouse embryonic stem cells (mESCs). 3 Sox2 mediates proliferation and neurogenesis of neural precursors derived from the ESCs by regulating Lin28. 6 In addition to the protein-coding genes, long non-coding RNAs (LncRNAs) function as critical modulators in many biological processes over the course of human development by regulating complicated and multiple signalling pathways. [7] [8] [9] [10] Analyses of the genome-wide transcriptome indicate that there are thousands of LncRNAs. 11 Many of the LncRNAs are expressed spatially and temporally, contributing to neural differentiation, further brain development or nerve-related diseases. 8, [12] [13] [14] [15] [16] However, very little is known about the specific function of LncRNAs, particularly the role of related regulating pathway in neural differentiation.
MicroRNAs (miRNAs) are 20-25 nucleotide (nt) non-coding RNAs that partially bind to the mRNA 3′ untranslated regions (3′UTRs) to induce the translational repression. 17, 18 miRNAs are involved in many biological and physiological processes, such as the regulation of disease formation, and embryonic development. [19] [20] [21] [22] miRNAs are abundant in the CNS and are critically involved in all stages of neural differentiation during brain development. 23, 24 miR-96 has been reported to repress neural induction from human embryonic stem cells (hESCs) by targeting Pax6, the critical regulator of neural differentiation. 25 Whether miR-96 regulated the neural differentiation and the regulatory mechanism remains unclear.
LncRNAs can be the competing endogenous RNA (ceRNA) to function as miRNA sponge by sequestrating the miRNAs and releasing them away from mRNA 3′UTR binding sites to further repress the function of miRNAs. 26, 27 LncRNA ND regulates expression of Notch genes by sequestering miR-143-3p. 8 LncRNAN2 was found to harbour neurogenesis-associated miRNAs, miR-125b and let-7, in its intronic regions. 28 A recent study identified the novel Rik-201 and its homologous gene ECONEXIN, 29 and demonstrated its ceRNA functional role in gliomagenesis. There is, however, still much that needs to be understood about the numerous mechanisms of LncRNAs in regulating neural development by functioning as the ceRNA, and inducing further influence of the downstream signalling pathways.
SOX6 is a critical neural differentiation-related gene.It was found to regulate the specification of dopamine neurons 30 and also controls dorsal progenitor identity and inter-neuron diversity during neocortical development. 31 Disruption of Sox6 is associated with dopa-responsive movement disorder. 32 Whether Sox6 could be regulated by miRNAs during the neural differentiation remains unknown. 
| MATERIAL S AND ME THODS

| Establishment of inducible LncRNA interference knockdown mESCs lines
| Neural differentiation form mESCs
We performed the neural differentiation of mESCs by using the methods described in our previous study. 33, 34 Specifically, 46C mESCs were dissociated into single cells using 0.05% trypsin (Gibco) and then neutralized with DMEM (Gibco) containing 10% FBS. After being counted, mESCs were washed with GMEM (Gibco, USA) and
re-suspended in a Petri dish at a density of 25 000-50 000/mL using the neural differentiation medium GMEM with 8% Knockout Serum Replacement (KOSR; Gibco), 1% L-glutamine, 1% sodium pyruvate, and 0.1 mmol/L β-mercaptoethanol. The medium was changed every 2 days. We added the Dox for downregulating the lncRNA begin at day 3 during the neural differentiation.
| Sevoflurane anaesthesia for mice
We used C57BL/J6 mice at post-natal day 6 (Shanghai SLAC Laboratory Animal, Shanghai, China) for studies. The protocol was according to Standing Committee on Animals at Shanghai Ninth People's Hospital, Shanghai, China. Mice received sevoflurane anaesthesia as our previous studies. The brain tissues of mice were harvested after sevoflurane anaesthesia with 4.1% sevoflurane for 2 hours at day 4, 5 and 6 after the start of neural differentiation. 35 
| Flow cytometry studies
The cells were suspended in PBS for flow cytometry analysis by using FACS Calibur (BD Biosciences, Franklin Lakes, NJ, USA) operating at 488 nm excitation with standard emission filters. Fluorescence noise baseline was referenced with the 46CmESCs. FlowJo software (Stanford, CA, USA) was used to analyse the results.
| Reverse transcription PCR and real-time quantity PCR
RNA was extracted using RNAiso Plus (TaKaRa, Dalian, China). Inverse transcription of mRNA to cDNA was performed by using a cDNA Synthesis Kit (TaKaRa). Inverse transcription of miRNAs to cDNA was carried out through the TIANScript RT Kit (Tiangen, Beijing, China).
The PCR primers of miRNA were purchased (RiboBio, Guangzhou, China). Primers for the qRT-PCR analysis of mRNA are as follows:
| Nuclear and cytoplasm extraction
We performed the nuclear and cytoplasm extraction studies using the methods described in our previous study. 36 Specifically, 1 × 10 8 mESc-derived NPCs were prepared for this assay. The cells were washed three times with the phosphate buffered saline. Then, working reagents buffer I and buffer II, respectively, were added to the pellets and mixed gently. The tube containing the cells was placed into an freezer and shaken at 200 rpm on a platform for 2 hours. The samples were centrifuged at 12 000 × g for 5 minutes at 48°C, and finally, the nuclear and cytoplasm extract was obtained. Then, purification and analysis of cytoplasmic and nuclear RNA was performed using quantitative RT-PCR. Kit (Thermo Fischer Scientific). In addition, the cells were briefly lysed with Pierce IP Lysis Buffer, and incubated on ice for 5 minutes. The lysates were centrifuged at 13 000 × g for 10 minutes, and the supernatant was transferred to a new tube for further analysis.
| RNA pull-down assay
The labelled RNA was added to 50 μL of beads, and incubated for 30 minutes at room temperature with agitation. The RNA-bound beads were incubated with the lysates for 60 minutes at 4°C. The RNA-Binding microRNAs were washed and eluted, and the binding microRNAs were detected using qRT-PCR. Primers for the qRT-PCR analysis of miRNA include the following list. For miR-96: 5′-AGTGCGTGTCGTGGAGTCG-3′. 
| Luciferase reporter assays
| Western blotting
| Over-expression of Sox6 by pcDNA3.1-Sox6 vector
The whole RNA was isolated, and inverse transcription to cDNA was then performed using cDNA Synthesis Kit (TaKaRa). Sox6
CDS fragments were amplified and inserted into the pcDNA3. Scientific), and the instructions for the reagent.
| Over-expression of miR-96 and miR-467a-3p
We transfected the miR-96 and miR-467a-3p mimics overexpressed vector (Biogot Technology, Nanjing, China) into the embryonic bodies derived from 46c mESCs during the neural differentiate on every 48 hours to maintain the certain concentration using Lipofectamine 2000 (Thermo Fischer Scientific), following the instructions given to overexpress the miR-96 and miR-467a-3p. The expression level of over-expression is detected by qRT-PCR. used in the studies. The mice received the Sevoflurane anaesthesia as described in our previous studies. 35, 37 The brain tissues of mice were harvested at the end of the Sevoflurane anaesthesia administration.
| Sevoflurane anaesthesia for mice
| Inhibition of miR-96 and miR-467a-3p
In order to inhibit the miRNA function, we transfected the 
| Statistics
The data were presented as mean + standard deviation (SD) with more than three independent experiments. The significance of statistics was determined by a student's t test, one-way ANOVA 
| LncRNA Rik-201 and Rik-203 is critically involved in mouse neural differentiation
We performed neural differentiation of the mESCs to neural progenitor cells (NPCs), and found that alternative splicing of LnRNA-Rik (C130071C03Riken) variants, Rik-201 and Rik-203, was up-regulated during neural differentiation from day 3 ( Figure 1A) .
Additionally, these two variants were also more enriched in the embryonic brain than in other tissues at day 14.5 ( Figure 1B) . We constructed the Rik-201 and Rik-203 knockdown mESCs lines, respectively, and found that there was no significant change in the stemness marker expression of the mESCs compared with the control mESC with only empty pLKO-tet-on vector ( Figure 1C,D) . markers Sox1 and Nestin detected at day 7 were also downregulated ( Figure 1H ).
| miR-96 and miR-467a-3p combine with Rik-201 and Rik-203 respectively and both repress neural differentiation
A recent study identified the novel Rik-201 and its homologous gene ECONEXIN and demonstrated its ceRNA functional role in gliomagenesis. 29 We also found that most of Rik-201, and part of Rik-203, are located in the cytoplasm (Figure 2A ), which suggest they might function as the ceRNA. RNA pull-down experiments determined that miR-96 combined with Rik-201 ( Figure 2B) , and miR-467a-3p combined with Rik-203 ( Figure 2C ). Over-expression of miR-96 and miR-467a-3p via transfecting the synthetic miRNA mimics ( Figure S1A,B) repressed the neural differentiation derived from mESCs ( Figure 2D ). We also performed the luciferase reporter assay to further confirm the interaction of miRNAs and lncRNA.
The results indicated that miR-476a-3p and miR-96 could bind to the Rik-203 and Rik-201, respectively ( Figure S1C ). FACS studies further indicated that miR-96 or miR-467a-3p reduced amounts of Sox1-positive cells ( Figure 2E ). The expression of NPCs markers Sox1 and Nestin was also downregulated ( Figure 2F ). We further constructed the miRNA sponge vectors that contain complementary binding sites to a miRNA 38, 39 to create continuous miR-467a-3p or miR-96 loss of function. Then, we made the stable miRNA sponge ESCs line to perform the further neural differentiation and found that the inhibition of miR-467a-3p or miR-96 promotes the efficiency of neural differentiation compared with the empty vector group (Figure S1D ).
| miR-96 and miR-467a-3p mediated the function of Rik201 and Rik-203 respectively in regulating neural differentiation
We further performed the rescue experiments to detect whether inhibition of miR-96 and miR-467a-3p mediated the function of knockdown of Rik-201 and Rik-203, respectively. We transiently transfect the miR-96 inhibitor during the neural differentiation at day 7 to detect the function of miR-96 inhibition via detecting the upregulation of EGR-1 expression ( Figure S2A ) which has reported in previous study. 40 Then, we performed the neural differentiation from the Rik-201 knockdown mESCs lines and co-transfected the miR-96 inhibitor or control inhibitor for every 48 hours during the process of neural differentiation. Result indicated that inhibition of miR-96 could significantly restore the neural differentiation repression caused by Rik-201 knockdown, which was detected at day 7 ( Figure 3A ). FACS studies also indicated that knockdown of Rik-201 reduced Sox1-positive cells, and that miRNA-96 inhibitor mitigated such reductions ( Figure 3B ). The expression of NSCs markers Sox1 and Nestin was reduced by Rik-201 knockdown, which was also rescued by inhibition of miR-96 ( Figure 3C ). Further, we detected the miR-467a-3p inhibitor effect in mouse NIH3T3 cells via detecting the upregulation of Fas reported to be the miR-467a target in previous study 42 (Figure S2B ). Inhibition of miR-467a-3p restored the neural differentiation that was repressed by Rik-203 knockdown ( Figure 3D ). FACS studies further indicated that knockdown of Rik-203 reduced the rate of Sox1-positive cells, and that miRNA-467a-3p inhibitor rescued such reductions ( Figure 3E ) and also the marker expression of the NPCs (Figure 3F ).
| miR-96 and miR-467a-3p target the Sox6 to control over the neural differentiation
We detected the potential downstream targets of the miR-96 and miR-467a-3p by using online miRNA target predication tools (mi-Randa, targetscan, miRBD) and found that miR-96 and miR-467a-3p could both target Sox6 3′UTR ( Figure 4A ). During the neural differentiation, Sox6 was up-regulated ( Figure 4B ). Luciferase reporter assay also showed that miR-96 or miR-467a-3p binds to the wild-type 3′UTR of Sox6 to downregulate the luciferase expression, but has no influence on the mutant one ( Figure 4C ). We further confirmed that over-expression of miR-96 and miR-467a-3p downregulated the Sox6 protein expression in the NPCs ( Figure 4D ). We then performed the rescue experiment to confirm that over-expression of Sox6 restored miR-96 inducing downregulation level of protein ( Figure S3A ) and also blocked the neural differentiation inhibition caused by miR-96, which was detected at day 7 (Figure 4E,F) . The decrease of the related NPCs markers influenced by miR-96 was also rescued ( Figure 4G) . Additionally, over-expression of Sox6 blocked miR-467a-3p inducing downregulation level of protein ( Figure S3B ) to restore the neural differentiation inhibited by miR-467a-3p ( Figure 4H ,I) and also the regulation of NPCs markers ( Figure 4J ).
F I G U R E 4 miR-96 and miR-467a-3p target the Sox6 to regulate the neural differentiation. A, The expression of Sox6 during the neural differentiation from ESCs to NPCs. B, Target validation of the binding of Sox6 3′UTR by miR-96 or miR-467a-3p. C, Luciferase report assay indicated that miR-96 or miR-467a-3p targeted wild-type Sox6 3′UTR but not mutant UTR. D, Over-expression of miR-96 or miR-467a-3p decreased the protein level of Sox6. E, The Sox6 restored the neural differentiation repression and the Sox1-positive cells decrease caused by over-expression of miR-96. F, The quantification of Sox1-positive cells using FACS indicated that over-expression of miR-96 reduced Sox1-positive cells, and that Sox6 mitigated such reductions. G, RT-PCR showed that the mRNA levels of Sox1 and Nestin repressed by over-expression of miR-96 were also rescued by Sox6. H, The Sox6 restored the neural differentiation repression and the Sox1-positive cells decrease caused by over-expression of miR-467a-3p. I, The quantification of Sox1-positive cells using FACS indicated that over-expression of miR-467a-3p reduced Sox1-positive cells, and that Sox6 mitigated such reductions. J, RT-PCR showed that the mRNA levels of Sox1 and Nestin repressed by over-expression of miR-467a-3p were also rescued by Sox6. The scale bar represents 100 μm. Ctrl, control; Data are represented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001; by one-way ANOVA (A, C, F, G, I and J). n = 3 independent experiments
| Sox6 restored the neural differentiation repressed by downregulating Rik-201 or Rik-203
A knockdown of Rik-201 or Rik-203 inhibited the Sox6 expression during neural differentiation, which is detected at day 7 ( Figure 5A,B) . Over-expression of Sox6 also restored the inhibition of process of neural differentiation ( Figure 5C ), reduction of Figure 6B ).
| Rik-201 and Rik-203 may be regulated by C/EBPβ and associated with anaesthesia-induced neurotoxicity
C/EBPβ is a transcription factor that is involved in neurogenesis. 43 By performing a double luciferase assay, the transcription factor CCAAT enhancer-binding protein β (C/EBPβ) bounded with the promoter Rik-201 and Rik-203, and promoted the transcription ( Figure 7A ). This suggests that the C/EBPβ may regulate the expression of Rik-201 and Rik-203. Additionally, inhaled anaesthetics sevoflurane decreased the levels of Rik-201 and Rik-203 in mice brain ( Figure 7B ). This may further suggested the critical neural-related regulatory function of Rik-201 and Rik-203.
| D ISCUSS I ON
We found that Rik-201 and Rik-203 were significantly higher expressed in the mouse brain than in other tissues of E14.5 embryo. LncRNAs have a ceRNA, miRNA sponge-like, function. 4, 42 Rik-201 homologous gene ECONEXIN in human glioma cell lines could interact with miR-411-5p and modulate the gliomagenesis, 29 which indicated its ceRNA regulatory function. Rik-201 and Rik-203 were located in the cytoplasm.
Rik-201 interacts with miR-96 and Rik-203 interacts with miR-467A-3p.
miR-96 families have been reported to be the most differentially expressed miRNA between epidermis and neuroectoderm, and could repress neural induction from human embryonic stem cells. 25 We also found that over-expression of miR-96 repressed mouse neural differentiation.
miR-467a-3p has been reported to be related to breast cancer growth, 47 and to target some skin-related genes. 48 However, there is currently no available data on the neural regulation of the miR-467a-3p. We found that over-expression of miR-467a-3p also reduced neural differentiation.
Rescue experiments further showed the miR-96 and miR-467a-3p are the downstream targets of Rik-201 and Rik-203 during neural differentiation.
These results reveal the novel LncRNAs/miRNAs regulatory pathways regulating neural differentiation of NPCs induction from mESCs.
Sox6 was reported to be a critical mediator of maintaining the stemness of the mouse neural stem cells. 49 Sox6 also forms a positive feedback loop with Sox2, a key transcription factor for NPCs self-renewal which inhibits neuronal differentiation in the developing central nervous system. 50 Here, we found that over-expression of Sox6 restored the mESC neural differentiation to NPCs repressed by knockdown of the Rik-201 and Rik-203. Additionally, there are other miRNAs that also target Sox6 in processes such as heart function regulation, 51 and osteogenic differentiation. 52 However, there are currently no studies that show the potential impact of miRNA/Sox6 regulatory pathway on the neural development-related process. Here, we found that both miR-96 and miR-467a-3p targeted the Sox6 to regulate NPCs induction from mESCs. These results indicated the Sox6 being the downstream mediator of LncRNA-Rik/miRNAs pathway during the neural differentiation. The CCAAT/enhancer-binding protein β (C/EBPβ) is a key transcription factor implicated in the control of neural differentiation. Mice lacking C/EBPβ present reduced survival of newborn cells in the hippocampus, a decrease in the number of these cells that differentiate into neurons, and a diminished number of cells that proliferate in the subgranular zone of the dentate gyrus. 43 In this study, it was found that the potential transcriptional activity of C/ EBPβ may regulate the expression of Rik-201 and Rik-203.
The abnormal neural differentiation leads to further disability of brain. 3 In mouse embryonic retinas, miR-96 expression level is minimal and up-regulates following birth, peaking in adult retinas. 53 miR-96 is also reported to target important nerve growth factor family member BDNF 54, 55 that is also involved in the increasing survival of photoreceptors in retinal pigment epithelial (RPE) cells. 56 Sevoflurane, the most commonly used general anaesthetic in children, induces neurotoxicity and cognitive impairment in young mice 35 and inhibits neurogenesis in vitro. 60, 61 The mechanisms by which these effects are created have yet to be identified, impeding further research in anaesthesia neurotoxicity in the developing brain.
In December 2016, the FDA issued a warning about the use of general anaesthetics in young children (0-3 years of age) and pregnant women, and required warnings to be added to the labels of general anaesthetic agents. The widespread and growing use of anaesthesia in children makes its safety a major health issue of interest. 62 It has become a matter of even greater concern as evidence shows that multiple exposures to anaesthesia and surgery may induce cognitive impairment in children. [63] [64] [65] [66] [67] [68] In this study, the administration of sevoflurane decreased the levels of Rik-201 and Rik-203. This not only suggests that Rik-201 and Rik-203 could be a potential novel target of the anaesthesia neurotoxicity, but also indicated the critical relationship between lncRNA Rik and the neural function.
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